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Electronic structure of quasicrystalline surfaces: Effects of surface preparation
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We elucidate the nature of the surface electronic properties of quasicrystalline Al-Pd-Mn. We do this by
using photoelectron and Auger electron spectroscopies, and by making a variety of comparisons—across types
of bulk samples, and across methods of surface preparation. The main conclusions are these:~i! The narrow
Mn 2p3/2 core-level line observed in the icosahedral phase is a fingerprint of a suppression in the density of
states~a pseudogap! at the Fermi level and is not unique to the quasicrystalline phase. It is also independent of
the symmetry of the quasicrystalline surface. The Auger line shape is also affected and may be used as a
fingerprint of a pseudogap.~ii ! A similarly narrow Fe 2p3/2 core-level line characterizes the icosahedral
Al-Cu-Fe quasicrystal, consistent with the expectation that the electronic structure is of general importance in
the stabilization of icosahedral phases.~iii ! In icosahedral Al-Pd-Mn, the pseudogap of the bulk is not retained
up to the surface immediately after fracture, but can be restored by annealing, or by sputter annealing to
sufficiently high temperatures. Assuming that the pseudogap reflects an electronic stabilization of the atomic
structure, these results suggest that the heat-treated surfaces are more stable than the surface obtained by
fracturing at room temperature.
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I. INTRODUCTION

Quasicrystals, discovered in 1982 by D. Shechtman,1 pos-
sess a remarkable atomic structure—remarkable in the s
that the atomic positions are well ordered, yet aperiod
There has been a growing appreciation within the scien
community that this unique atomic structure is associa
with an unusual combination of electronic, physical, and m
chanical properties.2 However, the nature of the relationsh
between quasiperiodic structure and macroscopic prope
remains today a subject of intense discussion and resea

Among the most intriguing properties are the surfa
properties. These include low coefficients of frictio
oxidation-resistance, and reduced adhesion.3–5 It is ex-
tremely important to understand how and why these prop
ties arise. One central issue is the electronic character o
surface. For instance, is it similar to that of the bulk or no
And how does the answer to this question depend upon
ditions of surface preparation? Understanding the electro
character of the intrinsic surface is basic to understanding
nature of chemical reactions with its environment, such
wetting by liquids.

It is well known that the method of surface preparati
can have a profound effect on surface topography of qu
crystals, at the nanometer scale. Specifically, preparation
clean surface by sputtering and annealing in ultrah
vacuum can yield a surface with a terrace-s
topography,6–8 whereas preparation by fracture~also in ultra-
high vacuum! exposes a much rougher surface, dominated
a cluster structure.9,10 As yet, it has not been determine
whether these differences in topography are accompanie
PRB 620163-1829/2000/62~21!/14049~12!/$15.00
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differences in electronic structure. One of the goals of t
paper is to explore this issue.

Electronic surface structure is probed primarily by pho
emission techniques, which are commonly used in two br
spectral regions: the valence band or the core levels. The
of these, the valence band, is important to quasicrystals
cause it contains the pseudogap—the reduction in the den
of states atEF—which is characteristic of the bulk. For th
valence band, Stadniket al. used ultrahigh-energy-resolutio
ultraviolet spectroscopy and observed a clear Fermi edge
the surface of the icosahedral~i-! phase of Al-Pd-Mn, with a
spectral intensity only weakly decreasing towards the Fe
level, EF .11,12 For the same type of quasicrystal, howev
Wu et al. observed a distinct pseudogap feature, with a d
sity of states~DOS! decreasing as a power law nearEF .13 In
this latter case, the quasicrystalline ordering of the surf
could be checked by observing the low-energy electr
diffraction ~LEED! pattern. While the differences betwee
the two sets of results were attributed to differences
sample temperature,11,12 significant differences in prepara
tion history also existed. This approach has also been u
recently by Naumovicet al.14 who concluded that a surfac
prepared in the manner of Wuet al. indeed displays a sup
pressed density of states atEF , compatible with a pseu-
dogap.

The second route to determining electronic propert
with photoemission is through core level line-shape analy
of x-ray photoelectron spectra~XPS!. It is well known that
core level lines in x-ray excited photoemission spectra
metallic compounds show an asymmetric tail.15 This is due
to the screening response of the valence electrons to the
14 049 ©2000 The American Physical Society
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14 050 PRB 62V. FOURNÉE et al.
ation of the core hole. The asymmetry of the line shape
sults from intrinsic energy losses through the excitation
electron-hole pairs that are created simultaneously with
core hole.16 The probability of these processes decreases
idly with the electron-hole pair energy. Therefore the ma
contribution comes from low-energy electron excitatio
across the Fermi level. This implies that the asymmetry
the XPS core level lines depends on the local DOSat the
Fermi level r(EF).17 This effect can be used as a tool
probe the valence electrons in metallic compounds.

C. J. Jenkset al.18 ~hereafter referred as CJJ! first reported
such a line-shape analysis of a fivefold surface of a qua
rystalline alloy, Al70Pd21Mn9, prepared by sputtering and an
nealing at temperatures higher than 700 K. The two m
features observed, relative to nonquasicrystalline surfa
are ~i! a large shift of the Pd 3d lines toward high binding
energies, and~ii ! a narrowing of the Mn 2p3/2 line. These
observations have been confirmed.19 Using the Doniach-
Sunjic XPS line shape to fit the experimental data, CJJ fo
that the narrowing of the Mn 2p3/2 line is due to a decreas
of both the asymmetry parameter and the core-level wid
indicative of a combination of electronic effects near t
Fermi edge. The narrowing of the Mn 2p3/2 line was postu-
lated to be the fingerprint of a well ordered quasicrystall
surface.18

In the present work, extensive use of the Doniach-Su
line-shape analysis is made to determine electronic cha
teristics of the clean surfaces of thei-Al-Pd-Mn quasicrystal
and their dependence upon the conditions of preparation.
compare surfaces prepared by fracturing~followed in some
cases by annealing!, and by sputtering and annealing at va
ous temperatures. Sputtering changes the composition;
nealing allows structural rearrangements. More specifica
sputtering followed by annealing to temperatures bel
about 700 K produces a crystalline phase, aB2 ~CsCl-like!
structure as revealed by several techniques,14,20–22including
LEED structural analysis.23 Annealing to higher tempera
tures allows long-range bulk-surface equilibration, and a s
face that displays characteristics consistent with a bulk
termination of the quasicrystalline structure.20,24 Hence one
can form crystalline or quasicrystalline surfaces on a sin
sample by controlling the temperature program after sput
ing. We exploit this capability in the present work.

Comparisons with surfaces ofbulk crystalline phases ar
also revealing, and interesting results for thej8-Al-Pd-Mn
approximant as well as for the cubic Al60Pd25Mn15 and the
orthorhombico-Al6Mn crystals are presented in this pape
The fivefold surface of the icosahedrali-AlCuFe phase has
also been investigated. Hence this paper analyzes a data
spanning several crystalline and quasicrystalline bulk str
tures, and two main methods of sample preparation~fractur-
ing vs sputter annealing!. Sections III A–F serve to establis
this database, each section being devoted to a different
of sample.

Furthermore, by varying the mean escape depth of
photoelectrons, we are able to probe the density of state
the Fermi level as a function of distance from the surfa
The Doniach-Sunjic line-shape analysis reveals that
pseudogap of the bulk is not retained up to the nascent f
tured surface, whereas it is retained when the surface
been fractured and annealed, or sputtered and annealed
-
f
e
p-

f

c-

in
s,

d

h,

e

ic
c-

e

n-
y,

r-
e

le
r-

.

ase
c-

pe

e
at
.
e
c-
as
his

surprising result will be presented in Sec. III G.
Finally, the Mn-LMM Auger lines have also been inve

tigated. These transitions involve the Mn 3d states lying
close to the Fermi level. Their line shapes provide valua
information because they are closely related to that of
Mn 2p3/2 XPS line and depend on the local electronic stru
ture around Mn atoms. This is a different approach to pr
ing the electronic structure of quasicrystals, and is presen
in Sec. III H. A general discussion follows in Sec. IV.

II. EXPERIMENTAL DETAILS

A. Sample preparation

For the fracture experiments, two single grain quasicr
tals of i-Al-Pd-Mn were grown by the Bridgman technique.25

One was oriented along a fivefold axis, using back-reflect
Laue analysis, with an accuracy of62°. A higher accuracy is
not useful as the fracture process introduces a larger un
tainty on the final orientation of the surface. The bulk co
position, as determined by inductively coupled plasm
atomic emission spectroscopy ~ICP-AES!, is
Al70.560.7Pd20.560.1Mn960.1. ~The error bars reflect precision
not accuracy.! The other single grain was oriented parallel
a threefold axis and has a nominal composition~i.e., the
initial liquid composition used in growth! of Al70Pd21.5Mn8.5.
Two rod-shaped samples (2.532.5318 mm3) were cut using
an electronic discharge machine~EDM! from each single
grain. The phase purity was checked by scanning Auger
croscopy~SAM! and scanning electron microscopy~SEM!.
Some Mn rich second phase could be detected at the bo
of the rods. By mapping the samples from bottom to t
using SAM/SEM, we were able to fracture the samples in
single-phase region.

Some experiments were performed on surfaces that w
mechanically polished, then sputter annealed in UHV. T
was true for a fivefold surface ofi-Al-Pd-Mn grown by the
Bridgman technique, the same quasicrystalline sample
used in the previous photoemission work of CJJ.18 This was
also true for a fivefold surface of ani-AlCuFe single grain,
grown by isothermal, liquid-assisted grain ripening.26,27 The
bulk composition, as determined by ICP-AES
Al63.460.4Cu2460.9Fe12.660.5. More details about sample
preparation have been given elsewhere.28

The j8-AlPdMn approximant is an orthorhombic cryst
with a large unit cell.29 The sample was produced by the flu
growth technique30 from a liquid of composition
Al80.5Pd17.25Mn2.25.

31 A sample with an approximate size o
232312 mm3, oriented along the pseudotenfold axis w
used for XPS experiments.

The cubic alloy was grown from a melt of starting com
position Al60Pd25Mn15. It is a single crystal with the CsCl
like (B2) structure. The lattice constant, determined by x-
diffraction, is 3.02 Å. The sample is roughl
153631 mm3 in size. Its surface happens to be orient
9.5° from the~111!, 29° from the~110! and 48° from the
~100!.

The orthorhombic alloy,o-Al6Mn, was drop cast from a
melt of composition Al85.8Mn14.2. The sample was then
heated at 900 K for 7 days. It is multigrain sample. T
space group isCmcm, and the lattice parameters area
57.555 Å, b56.499 Å, c58.872 Å.32 X-ray diffraction
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PRB 62 14 051ELECTRONIC STRUCTURE OF QUASICRYSTALLINE . . .
showed the presence of a small amount of pure Al. T
rodlike samples were cut by EDM for fracture experimen

The cubic AlPdMn crystal and thei-AlCuFe quasicrystal
were not available in a form suitable forin situ fracture. For
these samples, a clean surface was obtained in UHV onl
cycles of ion sputtering~4 keV of Ar1! and annealing a
temperatures up to 920 K for about 15 min, until no traces
oxygen or carbon could be detected. As noted above,
method was also applied to one fivefold surface ofi-Al-
Pd-Mn that had been oriented and polished mechanicall

In all other cases, we proceeded as follows. The sam
was introduced into the preparation chamber where it w
outgassed at temperatures ranging from 570 to 870 K fo
min. Then the sample was cooled to either room tempera
or liquid-nitrogen temperature, and fractured. We call t
the nascent fractured surface, to distinguish it from the fr
tured surface which has been annealed above room tem
ture. It takes about 7 min to transfer the fractured surface
the XPS chamber. The base pressure is maintained b
4310210 torr during the whole experiment. We could n
detect the presence of oxygen or other impurities on the f
tured surface, so long as the temperature was held below
initial outgassing temperature.

B. XPS and XAES parameters

The photoelectron spectra were acquired using a Per
Elmer Multitechnique Chamber, Model 5500, fitted with
Omni Focus III lens system, and monitored with PH
ACCESS software. The x-ray source is a monochromati
Al Ka radiation. The takeoff angle was set to 45°, unless
specify otherwise. Under these conditions, XPS and x-
induced Auger electron spectroscopy~XAES! measurements
provide a depth-weighted average over the top 50–100 Å
material, which we shall refer to as the surface/near-surf
region. Energy calibration of the spectrometer was achie
using the Au 4f 7/2 ~84.0 eV! and Cu 2p3/2 ~932.7 eV! lines.
The resolution was 0.65 eV for a 29.5-eV pass ener
XAES was performed under the same conditions, with ta
off angle set to 45°. The XPS valence bands presented
are corrected for secondary-electron background.

C. Fitting procedure

For a metal, the response of the electron gas to the
ation of the core hole is taken into account in the line-sh
formula derived by Doniach and Sunjic:33

Y~E!5
G~12a!

@~E2E0!21g2#~12a!/2 cosFpa

2

1~12a!tan21 S E2E0

g D G ,
whereY is the intensity,G is the gamma function,E0 is the
binding energy,g is the lifetime broadening of the core leve
anda is the asymmetry parameter. This function reduces
Lorentzian with a full width at half maximum~FWHM!
equal to 2g for a50. A higher value ofa means a higher
r(EF). Variations on this function have been worked out f
cases in which the DOS nearEF is not constant on the en
ergy scale of the linewidth.34 A Gaussian experimental func
o
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tion convoluted with the Doniach-Sunjic function is used
fit our data. The width of the experimental function is o
tained by fitting the Gaussian convoluted with a Fermi-Dir
distribution function to the measured Fermi edge of Ag. T
secondary electron background is accounted for by a th
order polynomial. The line shape and background are fit
to the spectra simultaneously.35 The a parameter is con-
strained to be the same for the core levels of the same
ments. The free parameters~a, g, E0 , peak intensity and the
coefficients of the background! are adjusted by minimizing
x2. The fitting is carried out using Marquardt’s algorithm fo
unconstrained minimization of a nonlinear function. The r
evance of the model and the quality of the fit can be judg
by the residual. The values of the parameters reported in
tables and text are the average values obtained from all
photoelectron spectra acquired with the same experime
conditions for each sample.

III. RESULTS AND DISCUSSION

A. Fivefold surface of icosahedral AlPdMn: Surface and
near-surface region combined

The photoelectron spectra of the fractured fivefold surfa
are displayed in Fig. 1. They are compared to those obta
for the sputter-annealed surface at 870 K.~This annealing
temperature yields a surface whose LEED pattern, and o
characteristics, are consistent with surfa
quasicrystallinity.6–8,13,24,36,37Spectra for the pure elemen
Al, Pd, and Mn are also presented. The parameters obta
from the fits are given in Table I. For Al, we give only th

FIG. 1. Doniach-Sunjic fit to the experimental spectra for A
Pd, and Mn. Solid lines represent the experimental spectra, bo
dashed lines are the fits, and top dashed lines shows the resid
The vertical scales for the residuals is expanded by 5 relative to
vertical scale of the experimental spectra. The top row shows
sults for the pure metals. The second row shows results for
fractured fivefold surface of the quasicrystal. The bottom r
shows results for the fivefold surface prepared by sputtering
annealing at 870 K.
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TABLE I. Fitting parameters corresponding to the data of Fig. 1. The standard deviation for thea values
given by the fitting program are:1/20.005 for Mn after fracture;1/20.007 for Mn after sputter annealing
1/20.003 for Pd after fracture;1/20.003 for Pd after sputter annealing.

Al 2 p Pd 3d Mn 2p
3/2 5/2 1/2 3/2

Sample EB W a EB 2g EB 2g a EB 2g EB 2g

Pure metal
annealed atT.800
K

72.8 0.96 0.21 340.3 0.49 335.0 0.35 0.46 649.3 1.02 638.3 0

5 f -AIPdMn
just after fracture

72.9 1.06 0.05 342.5 0.35 337.2 0.35 0.21 649.3 1.07 638.4 0

5 f -AIPdMn
sputter annealed at
870 K

73.0 1.08 0.05 342.5 0.37 337.2 0.37 0.18 649.3 1.15 638.4 0
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value of the binding energy (EB) and the full width at half
maximum~FWHM! because the 2p1/2 and 2p3/2 components
are unresolved.

The spectra of the fivefold surface prepared by fractur
or by sputter annealing look very similar and core-level bin
ing energies agree within60.1 eV, which is the experimen
tal accuracy. Results for the sputter-annealed surface re
duce those reported previously by CJJ.18 There are three
general trends.

First, the binding energy of the Pd 3d levels is 2.2 eV
higher in the quasicrystal than in pure Pd. A shift of 0.2
is also found for Al 2p core levels whereas no significa
shift is observed for Mn 2p levels. This is independent o
surface preparation for the quasicrystal, within the meth
spanned by Fig. 1. The large chemical shift of the Pd c
levels is consistent with other values observed in differ
Al-Pd alloys.18

Second, the Mn 2p3/2 line is very narrow for the fractured
surface and the sputter-annealed one, relative to metallic
This is due to a combination of two effects. First, the asy
metric tail toward higher binding energies is suppressed
can be seen from the smalla values derived from the fits
Second, the intrinsic width of the 2p3/2 core level, reflected
in the 2g values, is somewhat lower for the quasicrystal th
for pure Mn. For Mn, it was observed previously that t
narrowing of the Mn 2p3/2 line is very sensitive to the detail
of the structural and chemical environment. For example,
sputtered surface, before annealing, does not show this
rowing of the Mn 2p3/2 line, because the surface is not qu
sicrystalline. The local DOS atEF around the Mn atoms
which strongly depends on the position of the Mn 3d band
relative toEF , can be modified with structural changes, w
corresponding effect on the line shape of Mn 2p3/2. The fact
that no differences are observed between the fractured
the sputter-annealed surfaces in Fig. 1/Table I suggests
the atomic environments within the top 50–100 Å are ve
similar for the two types of surface preparation.

Note that the values of 2g are much different than thos
reported by CJJ,18 due to an error in the previous line-sha
analysis. The trends in comparisons between different ty
of surfaces, however, remain unchanged.

Third, the values ofa for the Pd peaks are also very sma
in the quasicrystal as compared to the pure elements. Th
due to the fact that the Pd 4d band is shifted in the alloy by
g
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about 2 eV toward higher binding energies@to about 4.2 eV
below EF ~Refs. 13 and 38!# relative to Pd metal. The loca
DOS atEF around Pd atoms is therefore suppressed, wh
is consistent with a low value ofa.

These data show that the electronic structure of the fi
fold surface, averaged over the combined surface and n
surface region, does not depend upon whether the quasic
talline surface is prepared by fracture or by sputter anneal

B. Fivefold surface of icosahedral AlCuFe: Surface and
near-surface region combined

The AlCuFe and AlPdMn icosahedral phases have sim
valence band structure: the Cu 3d and Fe 3d bands behave
like the Pd 4d and Mn 3d bands, respectively. The photo
electron spectra of Fe 2p core levels, obtained for the five
fold surface ofi-AlCuFe prepared by sputter annealing, a
for a ~110! face of pure Fe, are displayed in Fig. 2. Th

FIG. 2. Doniach-Sunjic fit to the Fe 2p3/2 in pure Fe~left! and in
the i-AlCuFe quasicrystal. Solid lines represent the experimen
spectra, bottom dashed lines are the fits, and top dashed lines s
the residuals. The vertical scales for the residuals is expanded
relative to the vertical scale of the experimental spectra.
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PRB 62 14 053ELECTRONIC STRUCTURE OF QUASICRYSTALLINE . . .
parameters obtained from the fits are reported in the fig
Like the Mn line in the AlPdMn system, a narrowing of th
Fe 2p3/2 line is observed ini-AlCuFe, which is due to a
decrease of both the asymmetry parameter and the core-
width. Following the same method of preparation of the s
face, it has been demonstrated that this icosahedral p
exhibits a characteristic fivefold LEED pattern.39 These re-
sults show that at least two different icosahedral alloys
hibit the narrowing of the XPS line associated with the m
nority metal component.

C. Threefold surface of icosahedral AlPdMn: Surface and
near-surface region combined

We mentioned above that the shape of the Mn 2p core
level is very sensitive to the details of the structural a
chemical environment. This was based upon comparison
volving around the fivefold18 and twofold surfaces o
i-Al-Pd-Mn.40 Here, we expand that comparison to inclu
the threefold surface.

Figure 3 shows the Doniach-Sunjic fits of the Mn 2p lines
of the threefold surface of the icosahedral phase obta
after different treatments. Figure 4 shows the correspond
valence-band~VB! spectra, recorded at a higher resolutio
0.37 eV for a 5.85-eV energy pass. The strongest peak in
VB photoemission spectra is located about 4.2 eV fromEF
and is due to the Pd 4d states. Its position moves slightl
toward higher binding energies, from 3.9 to 4.2 eV, when
sputtered surface is annealed from 540 to 770 K. Simila
the Pd 3d core level binding energies shift by 0.3 eV,
going from 540 to 770 K, after sputtering. Fits of the Mn 2p
core-level lines indicate a continuous narrowing upon
nealing due to a decrease of both the asymmetry param
and the core-level width. The first four rows of Table II giv
the fitting parameters. Once the sputtered surface is heat
sufficiently high temperature, the electronic structure, as
served by valence band and core-level photoemission s
tra, is identical to that of the fractured surface.

FIG. 3. Doniach-Sunjic fits of the Mn 2p lines on the threefold
i-AlPdMn surface.~a! After etching and annealed at 540 K.~b!
After etching and annealed at 720 K.~c! Annealed at 770 K.~d!
Just after fracture.
e.
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The position of the Pd 4d band relative toEF is deter-
mined by its interaction with the Al band, which is sensitiv
to the Pd-Al coordination number and bond length.41 The
shift of the Pd 4d band indicates a weaker interaction b
tween Al and Pd atoms in theB2 overlayer than in the qua
sicrystalline surface.20 The reduction of the asymmetry pa
rameter of the Mn 2p core-level lines indicates a reductio
of the local DOS at the Fermi level around Mn atoms up
annealing through this transition. At the same time, the sl
of the VB photoemission spectra in the region nearEF is
reduced. After sputtering and annealing at low temperat
the slope of the VB aroundEF is the same as that observe
for Ag, and therefore exhibits a clear Fermi edge. Once
same sample has been fully annealed at sufficiently h
temperature, the slope of the VB edge is reduced. The
spectra are all recorded at room temperature with ident
spectrometer settings, which means that the thermal and
perimental broadening are the same for all spectra. The
spectra alone would not allow us to infer the presence o
pseudogap in the DOS, due to the limited resolution of
XPS measurement, but are compatible with the more con
sive core-level line-shape analysis.

These XPS results show that the structural modificati
observed by LEED on the sputtered surface upon annea
from a cubicB2 structure below 700 K to a quasicrystallin

FIG. 4. Valence band of the fractured threefoldi-AlPdMn sur-
face after different treatment. From top to bottom: after spu
annealing at 540 K, after sputter annealing at 720 K, after annea
at 770 K, and just after fracture at room temperature.

TABLE II. Parameters of the fits to the data of Fig. 4.

Mn 2p
3/2

Sample a EB 2g EB 2g

3 f -AIPdMn
sputter annealed at 540 K

0.43 649.3 1.5 638.2 0.51

3 f -AIPdMn
sputter annealed at 720 K

0.31 649.3 1.4 638.3 0.39

3 f -AIPdMn
annealed at 770 K

0.22 649.3 1.0 638.4 0.31

3 f -AIPdMn
after cleavage

0.22 649.3 1.2 638.4 0.30

Cubic alloy
annealed at 870 K

0.43 649.3 1.49 638.2 0.53
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14 054 PRB 62V. FOURNÉE et al.
structure forT'770 K, are accompanied by the opening o
pseudogap atEF . Naumovicet al. have reached a simila
conclusion using the same type of VB measurement
i -AlPdMn.14

The opening of the pseudogap upon annealing is in ag
ment with the experimental fact that the quasicrystalline s
face and near-surface structure is thermodynamically st
relative to cubic overlayers that form at lower anneali
temperatures.20 It is well known that the presence of
pseudogap atEF reduces the band energy contributing to t
total energy, providing a better stability to the system.42

The similarity of the data for the threefold, twofold,40 and
fivefold18 surfaces of this quasicrystal indicates that surfa
symmetry plays no role in the average electronic proper
as probed with our techniques.

D. Cubic phase of AlPdMn: Surface and near-surface region
combined

We turn now to the surface of thebulk cubic (B2)
sample. Interestingly enough, the photoelectron spectra
the cubic AlPdMn crystal are very similar to the those of t
surface of the icosahedral phase when it is prepared by s
tering and annealing at temperatures below 700 K, as
sented already in Sec. III C and Ref. 18.

Figure 5 shows the fits to the experimental core-le
lines of Pd and Mn, as well as the valence band of the c
tal. Parameters of the fits are given in the last row of Ta
II. As reported earlier by CJJ,18 the value ofa for the Pd
peaks is quite robust and does not vary significantly in
alloys considered. This is due to the fact that the Pd 4d band
lies well belowEF in the alloys, implying a reducedr(EF)
around Pd atoms and a smallera as compared to pure Pd
Thea value of Mn 2p is close to that of pure Mn and equa
that of the low-temperature annealed threefold surface~see
Table II!, as do the binding energies and the intrinsic FWH
2g. The valence band of both surfaces also looks very si
lar. The main peak, attributed to the Pd 4d states, present
the same structures. The small structure located about 6.
below EF is also present. The DOS in the region nearEF of
the cubic sample shows a sharp Fermi edge, almost as s
as the Fermi edge of silver taken within the same experim
tal conditions. In conjunction with the large tail of the M
2p core-level lines, this shows that there is still a high de
sity of Mn 3d states at the Fermi level. No pseudogap h
appeared atEF in this alloy.

The composition of the cubic alloy, measured by XP
after sputtering and annealing at 870 K,
Al5762Pd3662Mn762. The composition measured for th

FIG. 5. Mn 2p core-level spectra~left! and valence band~right!
for the cubic AlPdMn alloy.
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threefoldi -AlPdMn surface after sputtering and annealing
540 K is Al5962Pd3562Mn662, which is quite close, and the
structure of this surface as determined by LEED is alsoB2
~CsCl-like structure!. Therefore it is not surprising to find
similar electronic properties between the two surfaces.

E. j8-AlPdMn approximant phase: Surface and near-surface
regions combined

The composition after fracture given by XPS
Al7362Pd22.562Mn4.562. After annealing at 920 K, the Mn
concentration decreases. Like the icosahedral phase,
sample undergoes a strong Pd enrichment~and Al depletion!
upon ion bombardment at room temperature. After sputter
and annealing at 920 K, the composition measured at ro
temperature is Al74.5Pd24.5Mn1.

The photoelectron spectra are displayed in Fig. 6, toge
with the Doniach-Sunjic fits and the residuals. The first ro
shows the Al 2p, Pd 3d, and Mn 2p core-level lines for the
fractured surface. Parameters obtained from the fits are g
in Table III, for the surface prepared either by fracturing
by sputtering and annealing. The second row compares
VB obtained just after fracture, after sputtering, and af
annealing.

Relative to the icosahedral phase, no significant bind
energy shifts are observed for the Al 2p and Mn 2p core
levels. The shift of the Pd 3d core levels is higher inj8 by
0.3 eV as compared to the quasicrystal. A narrow Mn 2p3/2
core-level line is also observed in this approximant. The v
ues of the asymmetry parametera are similar to those found
for the quasicrystalline phase, both for Mn and Pd. The
structure of thej8-AlPdMn approximant phase resemble
that of the quasicrystalline phase. The main peak, which
due to Pd 4d states, broadens significantly upon sputteri
and the VB in the region nearEF shows a sharp Fermi edge
Simultaneously, an asymmetric tail of the Mn 2p3/2 core-
level line is observed. After annealing at 820 K, both the V

FIG. 6. Photoelectron spectra for thej8-AlPdMn approximant.
The top row shows the Doniach-Sunjic fit to the experimental sp
tra for Al, Pd, and Mn core-level lines obtained on the fractur
surface. Solid lines represent the experimental spectra, bo
dashed lines are the fits, and top dashed lines shows the resid
The vertical scales for the residuals is expanded by 5 relative to
vertical scale of the experimental spectra. The bottom row co
pares the valence band for different states of that surface: a
fracture, after etching, and after annealing at 820 K.
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TABLE III. Fitting parameters corresponding to the data of Fig. 6.

Al 2 p Pd 3d Mn 2p
3/2 5/2 1/2 3/2

Sample EB W a EB 2g EB 2g a EB 2g EB 2g

j8-AIPdMn
just after fracture

73.0 0.84 0.05 342.7 0.41 337.7 0.41 0.17 649.4 1.10 638.5

j8-AIPdMn
sputter annealed at
920 K

73.1 0.97 0.05 342.8 0.42 337.5 0.43 0.13 649.4 1.20 638.6
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and the core-level line recover the shape observed on
nascent fractured surface. These features indicate a
rangement of the short and middle range atomic order u
annealing, which affects the electronic structure in a w
similar to the quasicrystalline counterpart. That is, the D
at EF is reduced after annealing to high temperature, as
denced by the narrow Mn 2p3/2 line and in agreement with
the reduced slope of the VB edge. This is not unreasona
as high-order approximant phases possess similar atomi
der and physical properties often indistinguishable from th
parent quasicrystal. This has been verified for various s
tems, such as AlCuFe~Ref. 43! or AlMgZn.44

This comparison shows that a narrow XPS Mn 2p3/2 core-
level line should not be considered as the fingerprint o
quasicrystal, but only as an indication that a phase with a
DOS atEF has formed. The existence of a pseudogap atEF
is a generic property of quasicrystals, but is not specific
them. In other words, a narrow XPS Mn 2p3/2 line can be
he
ar-
n

y
S
i-

le,
or-
ir
s-

a
w

o

considered a necessary, but not sufficient, condition for id
tifying the icosahedral phase in the Al-Pd-Mn system.~See
Table IV.!

F. Case of a Hume-Rothery crystalline phase, Al6Mn: Surface
and near-surface regions combined

The orthorhombic phaseo-Al6Mn gives a further ex-
ample of that. The Mn 2p3/2 core-level line also exhibits a
reduced width, here again due to the decrease of both
core-level width 2g and the asymmetry parametera ~Fig. 7!.
No significant difference could be observed between the
methods of preparation, fracturing or sputter annealing. T
low a value indicates again a reduction of the local DO
r(EF) around the Mn atoms, as compared to pure Mn. T
valence band has not been investigated, due to the pres
of a small amount of pure Al in our sample that would co
tribute to the photoemission spectra. However, a ba
d
solute
TABLE IV. Concentrations measured by XPS~in atomic percent!. Since these values are obtaine
without calibration of sensitivity factors, the relative values should be considered rather than the ab
values. The number of measurements is given byn.

Condition and Sample Al Pd Mn n

5 f -AIPdMn
after fracture

68.3 19.3 12.4 9

5 f -AIPdMn
after annealing~550 °C!

68 21.5 9.5 5

5 f -AIPdMn
sputter annealed~550 °C!

68 25.2 6.7 4

3 f -AIPdMn
after fracture

67.4 21.3 11.2 14

3 f -AIPdMn
after annealing~550 °C!

68.8 23.9 7.3 4

3 f -AIPdMn
sputter-annealed~550 °C!

64.7 26.5 8.8 3

j8-AIPdMn
after fracture

73 22.5 4.5 4

j8-AIPdMn
after annealing~600 °C!

74.7 24.1 1.1 2

j8-AIPdMn
sputter annealed~600 °C!

74.4 24.6 1.0 5

Al6Mn
after fracture

77.5 22.5 1

Al6Mn
after annealing~550 °C!

81 19 1

Al6Mn
sputter annealed~550 °C!

82.5 17.5 1
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structure calculation has been published for this alloy.45 The
main contribution to the total DOS in the region around t
Fermi level is due to Mn 3d states, hybridized with Al states
In this Hume-Rothery alloy, the diffraction of the Ferm
electrons by the Bragg planes as well as the coupling of
Al sp states with the Mn 3d states, strongly modifies th
density of states and induces a deep pseudogap atEF . This
is in agreement with the lowr(EF) around Mn atoms de
duced from the photoelectron spectra~i.e., reduced density o
Mn 3d states atEF!.

Two other broad peaks can be seen on the high bind
energy side of the main peaks. They are located at 655.1
665.7 eV, i.e., 16.6 eV apart from Mn 2p3/2 and Mn 2p1/2,
respectively. This energy-loss structure can be attribute
the excitation of a volume plasmon. Such structure can a
be identified in the photoelectron spectra of the icosahe
phase, with a broader distribution and a much lower int
sity, and an excitation energy of 17 eV. The existence
plasmons in quasicrystals have already been obser
mainly by electron energy-loss spectroscopy.46 Energies of
the plasmons and trends in the intensity and the line bro
ening agree well with published results. Such a line bro
ening is attributed to the fast decay of plasmons into in
band transitions, involving mainly the transition-metald
states. The differences in intensity and width of the plasm
satellite, between theo-Al6Mn crystal and the icosahedra
AlPdMn phase, have been ascribed to either compositio
changes or to the peculiar band structure of the icosahe
quasicrystals.46

G. Increasing the surface sensitivity of x-ray photoelectrons

The photoelectron spectra presented above were reco
with a takeoff angle set to 45°. The mean escape depth o
photoelectrons depends on their kinetic energy and on
takeoff angle. The energy of our x-ray source being fix
(Al Ka51486.6 eV), we cannot change the kinetic ene
of the photoelectrons but we can vary the takeoff angle
become more surface sensitive. The elastic mean-free
(lm) of the photoelectrons in the quasicrystal can be e
mated by using a modified form of the Bethe equation.47 The
calculation oflm requires knowledge of the plasmon ener
and the density of the material. We use values publishe
the literature: 0.064 at./Å3 for the atomic density48 and 16.4

FIG. 7. Doniach-Sunjic fit to Mn 2p core-level line in Al6Mn
for the fractured surface. Solid line represent the experimental s
tra, bottom dashed line is the fit, and top dashed line shows
residuals. The vertical scales for the residuals is expanded b
relative to the vertical scale of the experimental spectra.
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eV for the plasmon energy.46 The calculatedlm are then 33,
23, and 18 Å for Al 2p, Pd 3d, and Mn 2p photoelectrons,
respectively. The escape depths calculated for a takeoff a
of 45° are 23, 16, and 13 Å for Al 2p, Pd 3d, and Mn 2p
photoelectrons, respectively. When the takeoff angle is v
ied from 80° to 10°, the escape depth of the Mn 2p photo-
electrons decreases from 18 to 3 Å, thus enhancing the
face sensitivity.

We obtained the values of the asymmetry coefficiena
from the Doniach-Sunjic fits of the Mn 2p core-level lines at
different takeoff angles, for the fivefold and threefold su
faces of the AlPdMn quasicrystal. Experiments were co
ducted either for the fractured surface at room temperatur
for the heat-treated surface~T above 820 K!, with or without
preliminary ion sputtering. The results are presented in F
8. Solid lines represent a least-squares fit to the set of
obtained from each sample.

A continuous decrease ofa is observed for the nascen
fractured surface when the escape depth is increased@Fig.
8~a!#. This means that the asymmetry parameter for ato
nearest the surface of the quasicrystal is larger than for th
deeper in the bulk, indicating a higher DOS nearEF , screen-
ing the core hole more efficiently. This enhancement of
surface density of states at the Fermi level has also b
observed by Neuholdet al. on a fractured fivefold surface o
icosahedral AlPdMn.49 Their experiment was performed us

c-
e
5

FIG. 8. Asymmetry parameter as a function of the takeoff ang
obtained from the threefold~triangles! and fivefold ~squares! sur-
face of i-Al-Pd-Mn. Amplitude of the error bars is equal to 3s,
wheres is the standard deviation.
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ing synchroton radiation, which allowed them to tune t
escape depth of the photoelectrons over a larger range
varying the energy of the incoming photons. From the lin
shape analysis of the Al 2p core levels, a higher DOS atEF
at the fractured surface was deduced, in agreement with
observation.

Once our surface has been annealed above 820 K,
asymmetry coefficienta remains constant, independent
the escape depth of the photoelectrons@Fig. 8~b!#. It does not
depend on whether the surface has been previously sput
or not. Therefore heat treatment does not enhance the su
DOS.

H. Auger line shapes

As noted first by CJJ and mentioned here on several
casions, the narrowing of the Mn 2p3/2 line is partly due to
the reduction of the intrinsic linewidth 2g. A decrease ofg
means that the lifetime of the core hole increases. The de
of the core hole is dominated by Auger processes. In the c
of the 2p hole of Mn, half of the total transition probability
involves 3d electrons, through theL23CM45 andL23M45M45
transitions.50,51

Figure 9 shows theLMM Auger spectra for the anneale
fivefold surface as compared to pure Mn, measured using
same resolution. The peaks are labeled using the spe
scopic notations. The data are quite scattered in the cas
the icosahedral phase, due to the weak intensity of the si
and the relatively low Mn content. We choose not to smo
the data.

The Auger spectrum is composed of theL2MM and
L3MM groups. The intensity of theL2MM group is very
low, due to rapidL2L3M45 Coster-Kronig~CK! decay pro-
cesses that decrease the number ofL2 vacancies. The fas
CK transition reduces the lifetime of theL2 photohole and
this accounts for the larger width of theL2 level as compared
to L3 , observed in both the Mn metal and in the quasicrys
The difference@2g(L2)22g(L3)# is a good measure of th
CK transition rate, because other contributions to 2g(L2)

FIG. 9. Mn LMM Auger spectra for pure Mn~top! and for the
annealed fivefold icosahedral quasicrystal~bottom!.
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and 2g(L3) are almost identical.50 Using the values reported
in Table I, we find that CK transitions contribute more th
60% of theL2 linewidth for Mn, in accordance with pub
lished data.52 This contribution is increased to 65% in th
case of the cubic alloy, and to about 75% for the threef
and fivefold quasicrystalline surfaces, as well as for
j8-AlPdMn ando-Al6Mn. This suggests that the probabilit
of CK transitions is increased in the quasicrystal relative
pure Mn. As a result, the area rati
A(L3M45M45)/A(L2M45M45) should be lower in the alloy
than in Mn. A rough estimate of these ratios from the expe
mental data gives the values 8 and 21, for the quasicry
and for Mn, respectively.

The features noted\vp in the figure corresponding to th
quasicrystal, located at about 17 eV from the main peaks,
probably due to the excitation of plasmons, as they have
same energy as the energy-loss structure observed in the
2p core-level spectra.

The main difference between the Auger spectra
i -AlPdMn and pure Mn is that the two components of t
L3M23M45 ~L3M2M45 and L3M3M45! are resolved in the
case of the annealed quasicrystal whereas they are not in
metal. TheL3M45M45 line is also more narrow in the an
nealed quasicrystal~FWHM of the peak is 4.0 eV versus 5.
eV for pure Mn!. The L3M45M45 should reflect the self-
convolution of the Mn 3d band and theL3M23M45 the con-
volution of the 3d band with the 3p levels. The energy gap
between the two components of theL3M23M45 line does not
vary and is equal to 4 eV in Mn metal as in the quasicrys
Consequently, the splitting of theL3M23M45 Auger line can
be ascribed to the narrowing of the Mn 3d band in the an-
nealed quasicrystal. We note also that the distribution of
occupied Mn 3d states lies very close toEF , in the quasic-
rystal and in pure Mn. A narrower distribution of the Mn 3d
states in the quasicrystal is consistent with a pseudoga
EF .

We observed that the narrowing of the Mn 2p3/2 core-
level line is due partly to the reduction of the intrinsic lin
width 2g, i.e., to an increase of the 2p3/2 photohole lifetime
in the quasicrystal. This corresponds to a decrease in the
of filling of the photohole. Because the filling of the phot
hole is dominated by the Auger process, we expect the Au
transition probabilities~intensities! for filling the 2p3/2 states
to be reduced. Furthermore, the Mn 3d states lie in the VB
and are more likely to be sensitive to the chemical and str
tural environment than deep core levels, so we expect Au
transitions involving the Mn 3d states to be affected
preferentially. Following this idea, we tried to estima
the intensity ratios of Auger lines involving 3d states,
vs those which do not involve the Mn 3d states.
These ratios are A(L3M45M45)/A(L3M23M23) and
A(L3M23M45)/A(L3M23M23). The L3M45M45 and
L3M23M45 are the Auger transitions contributing to the fil
ing of the Mn 2p3/2 (L3) hole and involving the Mn 3d
(M45) states. TheL3M23M23 was chosen as the referenc
because this transition implies only core levels and sho
stay atomic in nature. We chose to subtract a linear ba
ground below each Auger line. The ratios were about 3 a
7, respectively, for the metal, reduced to about 2 and 5
the annealed quasicrystal. The reduction of these ratios i
cates a decrease of the 3d-containing Auger transition rate
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in the quasicrystal relative to the metal. This could be due
an increased localization of the 3d states in the quasicrysta
that will lower the probability for a 3d electron to fill a 2p
photo hole. This is consistent with the reduction of the
trinsic lifetime 2g of the Mn 2p3/2 core level.

IV. DISCUSSION

Perhaps the most intriguing result of this work is the d
ference in metallic character between the fractured surfa
and the sputter-annealed surfaces. The former shows
metallic character at the very surface region, than does
latter. Two possible explanations to account for the hig
DOS at the fractured surface relative to the bulk have b
proposed.49 They rely on two different descriptions of th
electronic structure of quasicrystals. We will now discu
their ability to account for the interesting results presen
here.

One explanation is based on usual band-structure a
ment and leads to a Hume-Rothery description of quasic
tals. The interaction between the Fermi sphere and a
dominant pseudo-Brillouin zone~FS/PBZ interaction! results
in a van Hove singularity of the DOS located atEF , the
so-called pseudogap. The pseudo-Brillouin zone is c
structed from the reciprocal-lattice vectors associated w
the strongest Fourier components of the pseudopotent
Due to the high symmetry of the icosahedral point group,
pseudo-Brillouin zone is almost spherical, the matching w
the Fermi sphere is optimal, and a deeper pseudogap re
lowering the band energy of the system. The presence o
Mn d states close to the Fermi energy, hybridized with ‘‘no
mal’’ sp states, leads to an increase of the potential diffra
ing the Fermi electrons, thus increasing the width of
pseudogap.53 Following the Hume-Rothery arguments, th
stability of quasicrystals is thus explained rather well. Int
ducing a surface by fracturing the sample will then lower
symmetry of the pseudo-Brillouin zone, decreasing the de
of the pseudogap atEF . A higher DOS atEF may result,
consistent with what we observe for the fractured surface
room temperature.

We must now examine if the experimental data for t
heat-treated surface are consistent within this model. Sur
x-ray diffraction, low-energy ion scattering~LEIS!, and
LEED characterization of the same fivefold surface, prepa
by sputtering and annealing, showed a contraction of
outermost atomic layer and a depletion in Mn. A contract
of the characteristic interatomic distances in real space
result in an increase of the characteristic distances in re
rocal space. The radius of the predominant pseudo-Brillo
zone will then be increased. In order to maintain the Hum
Rothery stabilization, the radius of the Fermi sphere~i.e., the
concentration of valence electrons! should be increased t
match the pseudo-Brillouin zone. The valence of Al and
atoms being higher than that of Mn, a depletion of Mn in t
annealed surface does effectively increase the valence
tron concentration in the topmost layers. Therefore the
served chemical and structural modifications upon annea
are consistent within the Hume-Rothery framework as a
cessity in order to maintain the Fermi level in the pseudo
of the DOS up to the surface, i.e., a situation which enhan
the stability of the system.
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For this interpretation, one must consider that Mn dep
tion does not appear to be unique to the quasicrystal. Fo
of the fracture surfaces we have studied—including thej8
and the orthorhombic phase—XPS shows a depletion in
concentration during the process of annealing. We note
the decrease in Mn at the fracture surface of the icosahe
phase after annealing has been reported previously, b
upon Auger electron spectroscopy.54 The deficiency in Mn at
the surface ofi-Al-Pd-Mn prepared by sputter annealing h
also been reported from earlier observations by low ene
in scattering,55 and surface x-ray diffraction.56 Nothing is
known about the structures of the topmost layers inj8 or
Al6Mn, nor do we know whether an enhanced DOS will
observed for the fractured surfaces of these materials. No
theless, if Mn depletion at the surface is indicative of
electronic stabilization, we can predict a contraction of t
topmost layers in these alloys too, in order to maintain
FS/BZ matching.

The second explanation is based on a totally different
proach, whose starting point is the description by Janot
de Boissieu of quasicrystals as a self-similar hierarch
packing of atomic clusters.57–59Indeed, the fractured fivefold
surface of an icosahedral AlPdMn single grain observed
STM has large corrugation~10 Å! and shows the presence o
clusters 8–10 Å in diameter.9 The clusters seem to form
self-similar hierarchical structure.9 The quasicrystalline five-
fold surface prepared by sputtering and annealing at temp
tures higher than 700 K has also been investigated by S
LEED, and x-ray scattering.6–8,24,36,37,55,60These experiments
show a very different structure, with terraces and steps, a
terrace corrugation smaller than 1 Å. However, recent an
ses of the fine structure on the terraces, observed by ST
high resolution, demonstrated that these features do not
respond to atoms but rather to clusters of atoms, separate
filler material.60,61 Therefore the two types of surface stru
tures may be described using the same structural build
blocks, i.e., atomic clusters with fivefold symmetry~pseudo-
Mackay or Bergman clusters!. Published analysis of the frac
tured surface by STM revealed that over at least some of
surface, the cluster-subcluster structure evolves upon ann
ing toward a terrace-step topography.10

In terms of electronic structure, the clusters are treated
spherical potential wells, each containing a magic numbe
electrons, corresponding to the exact filling of the electro
shells of the hierarchy of wells. The DOS is described as
superposition of the bonded states of the successive hie
chy of clusters. The unbounded states of one generation
the bonded states of the next generation, and the Fermi l
is located in a valley separating the unoccupied free elec
states from the occupied bonded states of the hierarch
clusters. Introducing a surface by fracturing is a perturbat
of the hierarchical order and should shift the Fermi lev
away from the pseudogap. This would then explain the
sults presented above for the fractured surface. In the clu
model, interaction between aggregates depends on the d
bution of the electronic states close to the Fermi level, a
their geometrical arrangement should minimize this inter
tion energy, by creating a pseudogap atEF . The evolution
toward a terrace-step topography upon annealing~starting
either from a fracture surface or from a sputtered surfa!
may account for the rearrangement of the cluster units
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order to minimize this interaction energy in the presence o
surface. This second model could also account for our ab
observations. However, the detailed mechanisms involve
such structural and chemical rearrangement remain to be
cidated.

V. SUMMARY

In summary, we have shown that the narrowing of the M
2p3/2 core-level line observed ini-Al-Pd-Mn is a direct con-
sequence of the presence of a pseudogap at the Fermi
and should not be considered as the fingerprint of the qu
crystalline phase. This is because a narrow Mn 2p3/2 line is
also observed in thej8-AlPdMn approximant and in the
orthorhombic Al6Mn crystal. The latter is an alloy of the
Hume-Rothery type. A similar narrowing of the Fe 2p3/2
core-level line can be seen in thei-Al-Cu-Fe quasicrystal,
reflecting a low density of states at the Fermi edge, con
tent with the expectation that the electronic structure is
great importance in the stabilization of the icosahed
phases. The analysis of the photoelectron spectra of the s
tered surface as a function of the annealing temperature
dicates a transition in the electronic structure, associated
a rearrangement of the local atomic order. After sputter
and annealing to temperatures below 720 K, the Mn l
shows an asymmetric tail and the valence band develo
clear Fermi edge, indicating that the system is metallic w
no pseudogap at the Fermi level. The electronic structure
the composition are then very similar to the cubic Al-Pd-M
alloy. A transition occurs upon annealing at temperatu
e
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higher than 770 K: the Mn line narrows and the slope of
valence band in the region near the Fermi level is reduc
reflecting the presence of a pseudogap.

The low DOS atEF is observed in the surfaceplus near
surface region of the quasicrystal, whether the surface
been prepared by fracturing in UHV or by ion sputterin
with high-temperature annealing. However, when the surf
sensitivity is increased, photoelectron spectroscopy sh
that the bulk pseudogap is not retained up to the nas
fractured surface, while it is retained when the same surf
is annealed above 770 K, or when the surface is prepare
sputtering and annealing above 770 K. The transforma
upon heat treatment is associated with variations in the c
position. The above results suggest that the heat-treated
face is more stable than the surface obtained by fracturin
room temperature. The structural and chemical modificati
observed upon annealing are associated with a lowerin
the electronic contribution to the energy of the system. T
stabilization mechanisms of the surface seem similar to th
of the bulk icosahedral quasicrystal.
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